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ABSTRACT

This report summarizes the instrumentation development effort
that was Initiated at the Arnold Engineering Develupment Center to
effect plasma diagnosties during the tong-term testing of clectrical
propulsion systems.  Two different jon beam sources were instru-
mented to obtain the basic properties of the plasma, such as the
clectron temperature, clectron and jon densities, and the space
charge potentials,  The basic instrumentation required to effect
preliminary diagnostics are the "plasma eater, ' the positive ion
probe, the Langmuir double probe, the Faraday cup, and the emis-
sive probe.  With these devices, it is possible to obtain both integral
and differential measurements of the beam characteristics. Analysis
of the data is also included.
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NOMENCLATURE

Area, cme

Pomt where virtual cathode forms
Flectron charpe, 1oty 10% coulombs
Current, amp

Flectron current, amp

lon current, wnp

rlectron space current

s

o YRR
Boltzmann's constant, 1, 38 x 10 16 £
N

Mass of an clectron, pm

NMass of anoton, pm

IFlectron density, p.n‘tu‘lrs/vln:‘

lon density, particles/cms

Flectron temperature, °K

lon temperature, °K

Time, sec

Voltage, volts

Flectrostatic potential at x U
Flectrostatic potential at (o x 2x - a)

Flectrostatic potential at (2x - a) x  2xand
0 X l

Contact potential, volts
Probe voltage, volts
Floating potential, volts
Veloeity, cm/ see

1/2 Beam width-cm

A

. ='p
Quantity) = |

)

Net eharge density

"\I.h)l

N KAV
Aujo2 IR,

KT,
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1.0 INTRODUCTION

The basie objectives of the mstrumentation research by the Flece-
trical Propulsion Groupe are to develop clecteical propulsion diagnostic
measuringe and monitorimg technigues mnoaddition to establishing standard
procedures for calibration, These rescearch efforts depend materially

on the mformation now obtuained through the ase of teehmques and devices

established by this progroam,

'wo basie won sources were constructed for the preliminary studies,
The osctllating clectron ton pun 15 o modified mass spectrometer source
that was obtained from Oak Ridge National Luboratories,  The gun con-
s1ats of o flament providing an electron beam, oscillating in a magnetic
Neld, which bombards and hence jonizes the gas. The positive jons are
collimated and exteacted by means of slits in the aceeleration plates,
Argon pas was initially selected because of its high mass and high prob-
ability of being singly wonized, The operating svstem is shown in Fig, 1,

Measvred plasma propertics mceluded electron temperatures,
charged particle densities, and space potentials,  Problems of relating
plasma propertics to asial distance could not be resolved because the

arcon fTow could not be strmgent!y regutated,  In addition, the flow had

to beanterrupted to relocate mstruments alory the axis of the small

Fescarch o ell.

A lithiam ton canowas alvo desipned and constructed to be used as a
reltable ton souree, producing singly yonized particles that were rela-
tively free of neatrals, The don gun was constructed from a one-inch by
onc-inch platinmm mesh filament and coated with Beta-cuceryptite
(LivO - AloOQy - 25i00), Three aceclerating and focusing plates were
mounted between the filianent and the neatralizer--a tungsten wire en-
cireling the exit aperture, ‘T'he devicee 18 shown in Figs, 2a and b, The
first aceelerating plite was connected clectrically to the emitter fila-
ment and was maintained at filament potential, approximately 1,000
volts above ground,  The scecond plate was biased in the range of 200 to
300 volts negative, The exil plate was Lied Lo ground,

The Beta-cueryptite coating on the platinum filament was fused to

a glossy solid condition by heating Lo o temperature of approximately

*Office of the Chiel Scientist, ARO, Inc., Arnold Iingineering
Development Center (AIRDC), A Forcee Systems Command (AFSC).

Manuscript received October 1963,
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1a00"C Tor several minutes at pressares bhelow lll"l tore, The aceelera-
Uon plates were optically ahipned by dedhing adb exit holes sumultancously,
The aceelb-decel scheme was used with omasimum acecleration of

L0000 volts and o oo deceleration potential of approximately 200
volts, to prevent clectrons from bombaredmg the 1on Olanent, A beaan

ol several hundeed meroamperes was obtamed using this souree at o

Nlament temperature of approstanately 13000,

T'he basie rescarch cell, a Zo-anch-long by siv-mch by six-inech
cross section, was manntaed i the 1072 tore repron during all opera-
tions,  Thas systemoas shownoan My, 3,

A three-directional, probe traverse stand was assembled, and o
removable plesiglass top allowed observation of engine operation and
probe movements, Position cepeatabnlity was satisfactory for imtial
rescarch applications using only optical alignment, Over 90 percent of
the cell volume could e probed, The propertics nicasured in the plas-
ma beam included charged particle distribution and densities, clectron

temperatures, and plasma potentials,

2.0 BASIC INSTRUMENTATION

2.1 PLASMA EATER
2.1.1 Discussion

One of the basie mstruments used in e experiments to measuare
the rate of flow of o plasma discharge is the "plasma cater™ (Ref, 1),
The deviee consists of alternately connected, closely spaced, metal
plates and s shownin g, 4 Inooanr experiments, the plasma cater
was usced both as o collector and o double Fangmuie probe, The Targe
collecting area in o small volume enabled the recording of stable and
repeatable volt-ampere characteristios of the relatively low -density
argon discharge, The simple civceait used to obtain the characteristics
is also shown in Iig. 4, Fipure b shows a lypical volt-ampere charace-
Leristic curve obtained from the probe. Analysis of the characteristics
follows the technique previously developed (Ref. 2), Since detailed
theoretical bhackground for the use of the floating double probe is avail -
able, in the reference, only a briel introduction to this theory wili be

discussced,

s
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2.1.2 Analysis of Dota

IT o Maxwell- Boltzmann velocity distrabution 1s assumed, the expres-
ston Tor the total positive jon carvent reaching cach plate is given by

T R

where Apand Ao represent the sum of the collecting areas of the two
set= ol plates, 10 and o represent the respective electron currents,
Vi oand Vo cquad the respective plate voltages with respect to the plas-
e, and Toos the clectron temperature, ‘The potential distribution
between two adjacent plates s shownan Fig, 6, Sinee the sum of volt-

apes around a closed loop cquals zero,
L N VRS ST (2)

Combimng this result with the equation for X il, and taking the logarithm
viclds

I (l' I) A e (3)

0o g
where
' M,
and
\
o \' ! eap re\

This is an cquation of o straight Hoe when plotted on semi-log paper,

.
S ; . Co
A plot ol | Poe i vs Vg has a slope of -0 thus determining T
1.9 . KT
divectly. Figure o shows oo typical volt-ampere characteristic from
D
& U]
which values of - - L were obtained and plotted in Fig, 7. The slope
)

[
viclds an electron temperature of 162, 000°K, The electron tempera-
ture was also caleulated by the cquivalent resistance method (Ref, 2).
I'quation (3) may be writlen as:

lil,

I‘” aeap =V gy ] al
Differentiating i.9 with respect to Vg and evaluating at Vg - 0 yields
'“"I llp (,"J )
LA (o« (5)
\ () .
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or T ‘"
solving for Feoand substituting, i | \
B di,,
. JA
1, 11,600 o (1';- ey )
Can ! iy
\ 0
[ .t G 1 o
l . o
then
[, PLaon 4, - (o) (:'r !\,;)
\ 1
[, J00 06 G (I(.,.‘_.') where I .\_,_I
\ T
! |
R,= 2.22 x 10 S ohms, wnd T 163, 000°K, which agrees quite well

with results from the semi-tog plot, From clectron temperature and
probe geometey, ton density and floating potential can be caleulated:

M RS .
o OOy olts
\', ., ] l‘ v, 2000 w0l (l)
I B AT \|‘ i Lt
\, . 0 | Lo o (8)

where
0 )
As 93 em=

IFor several argon flow rates and probe positions, ranges of clectron
temperature and densitics were determined as 70, 000 to 225, 000°K
and 104 to 108 jon/em, respectively, with a total acceeleration of
GO0 volts,

Axial plots of electron temperature would have been useful in
defining the prasma discharge, but they could not be accurately made
becausce of poor regulation of the argon flow,

2.2 POSITIVE ION BEAM PROBE

The positive ion probe (Ref, 3), as shown in IFig. 8, consists of
Beta-cucryptite fused on a strip of platinum gauze, two lfocusing grids,
and a collector plate, Representative plots of collector current as a
function of the acceleration potential arce shown in Ifig, 9. With the
plasma present, there is negligible ion transmission until Vi is
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atbanned, AU s point, there s wcapid ancrease i transmission until

\.llld\ ts reachod, where collector carrent 1= the same as with no
plasma present, The plasina potentiad s tahen as the value of accelera-
tUon potential where the hall maosamum collector current 1s transmitted,

he ovasam an colloctor current wath plasina present was inereiased

thove the expectod vadae when runs woere made ot pressares above

10 4 Lot Phis observed b teriste was ;)x'nl).d)}.\ catised l).\' -
Creascd toneation of ook round pase To ensare that the collector
shehing of the pon probe swoas wdequate, the following procedure was

dned bhetore cach testrun, The arpon gon low was estabhished, and the

pos1tive ton probe operated as usual throughout the aceeleration potens-
tal ranee, bat with the probe heater carrent off, Nepligible collector
current was observed, Phe range of plasma potential for these experi-

ments was from T00 to 220 volts ) “The most reproducible volt-ampere
characteristies woere made ot lower pressures, lower plasma densities,

andd thus lower pl.l:‘ln.l [N'll'lllhll.\

2.3 LANGMUIR DOUBLE PROBE

2.3.1 Discussion

A semt-antomatic, Lanemoar, double probe ciremt was also used
in probing the diseharge (Figo 10), Toe problem of isolating the float-
ing cireaitrs from gronnd was solved to o degree that jon current come-
pensation was not necessars, Since the double probe plates were subject
to 1onie bombardment while o volt-ianpere characteristic was being
made, the jon current” leak. 2 to ground resulted ina zero shift,
However, this shitt was minimized by careful shiclding and isolation
of the floating ciremt and was dialed out in the XY plotter,  Instruments
() and (V) were Keithly Model 600N clectrometers, Apand Ay were
Dyvinamies Nodel 3140 d-¢ isolation amplificrs,  To obtain a volt-ampere
characteristic, S was held closed momentarily and then released, pro-
viding an exponentially decaving voltage sweep from 1100 to =150 volts
with a time constant of approximately 3 seconds. While the time of the
voltage sweep should be kept as short as possible, noticeable a-¢ cur-
rent was passced through the capacitive geometrie arrangement of the
plates at higher sweep rates, A typical characteristic is shown in
Ifig. 11,

2.3.2 Analysis of Data

The basic relations facilitating analyses to obtain plasma proper-
ties from this example are as shown on the following page,
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Flectron temperature:

resistance
whoer

cquivalent
l, 1,000 o Gl 1.‘,

()
method
\
G ;"" V..o (10)
o
By, and l'l' are shown o Fag, 1)

|, THO00K

Using the approximate expression for floating potential, Vi (with respect
to space potential),

N1 Y] (11)
L M
\l N lll \I,.Tl
L
where
T has been caleulated,
I}, is tuken as the emission temperature of Beta-cucryptite,
approximately 1700°K
Mp is o mass of a lithium atom
Thus,
\ R L (TNt LR TN R L P (T
! A DY [T log o 00° o o[ o [t X (12)
O vl
[on density is
i 1
\ (%} \Il'
1
' o,
where

(13)
As is taken as the arcatof the rectangular plates, approximately
5 e 9 )
0,405 cm*

1oy, as before, is 11 x 10711 amp

g is an accumulative constant = 1, 34 x 1027

T 17
\'i L3~ 10
0,100

AL 10" 4\ :
7 \\ o’ ) (14)

TR 4 don . .

312 8 10 = . .
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Volt-ampere characteristices were repeatable if the plasma source

was not altered,

2.4 FARADAY CUP
2.4.1 Discussion

Faraday cups are small "point™ collectors,  They consist of an
cnclosure with a small opeming pont toward the discharge are con-
taining several biasing grids so that o particular charped particle can
be detected on o collecting plate,

A Faraday cup was designed and constructed to measure ion den-
sities directly, and also to serve as an indication of neutral particles
in the beam, ‘The schematic of the Faraday cup is shown in Fig, 12,
The No, I sereen was biased to suppress clectron entrance to the cup,
The No, 2 sereen was biased to suppress scecondaries from the first
plate, Ton impingement was monttored through an clectrometer at the
first plate,  The diameter of the device was 3/8 inch, and the length

was 3/4 inch,
2.4.2 Analysis of Dota

Caleulation of jon density 1s shown below:

e\ SRV
or
\ _'l'\
Y
\ R (TN L (15)
where
e . . =20 .
A = mass of Lithium jon - 1,5 x 10720 kilograms
. o b _9 9
Arca of the entrance aperture - 2,10 x 107 ¢m=
Since
\, :
\'\l‘
| (1(..
\/\ R N 1 LN N (RN 1 R R IR [ )
then
X, ! (35 & lo™) ‘o
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FFor the above example, where the Langmurr, double probe, volt-
ampere choracteristie was analy zed, the Faraday cup was located in
the same neighborhood of the doubte probe plates,  ‘The collector cur-
rent was L 2 x 107Y amp, and the aceeleration voltage was 225 volts.
Thus, )

\ | AR K VRN KR O ULl “7)

While this vialue s almost an ovder of magnitude Larper than the cal-
culated double probe value, at s felt that the agrecment 1s good con-
stdermg the accuracies of the measured parameters, the slight
difference in location of the two devices, and the finite time required
to obtain the double probe characteristic,  Since collection of the
Faraday cup can be varied through certain bias ranges of the two
control sercens, the calibration technique for proper use of this col-

lector is given below,

In Fig, 13 0 range of voltage was applied to the suppressor screen
for several discrete negative voltages on the electron suppressor
1). The bias combination that resulted in constant col-
I plate was selected as the proper bias arrangement

sereen (No,
lecetion on the No,
for direct fon current measurement,  ‘The impingement on the No, 1
and No, 2 scereens was observed to be negligible compared to the ion
current at the No, 1 plate (2 orders of magnitude),

An attempt was made to measure neutrals in the beam with the
The Noo 2 and Noo 1 sereens were biased positively and

IFaraday cup, B &
negatively, respectively, until negligible collection was made on the
first plate,  The tungsten wire was then brought to emission tempera-
ture and collection was obscerved on the second plate, which was biased
negatively approximately 10 volts,  This collection was a result of
fonization of the residuce gas and was not noticeably changed when the
discharge was interrupted.  This observation indicated that there was

a very small percentage of neutrals in the discharge,

The gross effect of beam neutralization by electron injection has
been obscerved.,  The 25- x 6- x 6-inch vacuum chamber was electrically
floating from ground. [Four steady-state modes of operation were in-
vestigated: floating the chamber with the neutralizer on and off, and
grounding the chamber with the neutralizer on and off.

The results of sweeping the discharge with the Faraday cup in
these four modes of operation are shown in Figs, 14 and 15, For
these collections, the No. 1 plate was biased approximately 10 volts
positively, to cause a return of scecondary celectrons, The No. 1 and
No. 2 screens were floating, and the outer shield was loating for all

applications of the Faraday cup.
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In o treatment of the problom of the - idependent sy Tor te
imjection of clectrons with an mtial veloeity distembution (Ret, 4), o
solution s offered for wn and clectron disterbutions across o slab of
Gohscharpe where electrons have been contted at the edpe ol the pon

heam romncdiately after acceleration of the tons,

A ) \ -
u'l K N L N T A (l“)
fup ta \ AR at
oy \
) oap N eyt (“))
M \ :
fore v aoaml v al \ "\

where 2x 0 total wadth of bean (see P, 1),

There are four gencral Gpes of solutions for these cquations, and
these results are repeated an K, Hoo solution T always applics when
i\‘./I\i is less than 1o Solution 21 unstable, bemg ceritically dependent
on mitial beam width,  As N/ Ny becomes greater than 1, Solutions
I, 2,3, or - canapplyv. Solution 3 s shown as o double mode solution
to demonstrate that higher mode solutions are possible, Solution | js
d stable mode but may decay into o Type T or Type 3 solution and should
bhe termed only marginally stable. Tt as also shown that there exists o
maximum value of N /Ny beyond whach o Type 1 solution cannot exist,

The Faraday cup has been previously described as being used as a
point collector to make calorimetric measurements throughout the dis-
charge region during the four modes of floating and grounding the
chamber, with and without the use of the neutealizer. This technique
is crude in that no absolute values can be established for ion and/or
clectron number densithies. However, the results predicted by the re-
scarch group of NASA (Ref. ), deseribed above, and the effictency of
the neatralization scheme could be obscerved by this technique, The
results ol sweeping the discharge with the Faraday cup in these four
modes of operation are shown in IFigs, 14 and 1o, Comparing the re-
sults in Figs, 1d4a and b shows that in the grounded environment the ion
beam is broadened when electrons for neutralization must be provided
from sccondaries from pround or charge exchange through the residuce
gas as in Ifig, b, Figures' Hhaand 15a show the third solution of
Itgs. (18) and (19) and show a marked dependence of the ion beam on
the neutralizer to establish a discharge with densities comparable to
those in a grounded environment when compared to Itig, 15b,
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2.5 EMISSIVE PROBE

The emissive probe used was o H8-inch, five-mil tungsten wire
exposed through the end of w double hole ceramic tube,  ‘The element
wis brought to emission temperature and o variable positive potential
applicd,  With this potential at zero and the clement at emission tem-
perature within the plasma, the element emits electrons to the positive
space potential,  As the voltage on the emissive element is increased,
the cmission remains Himated until the plasmo potential s approached
where U passes to space charge limited emission and poes to zero as
the applicd voltage equals the space potential,

The introduction ol electrons into the plasma strean can, of
course, affect the neatralization of the discharge and quite possibly
alter the mode of the discharpe, that 1s, from Solution 1 to Solution 3
of Fas, (18) and (19), For these reasons, the emission was held at
Least one order of magnitude below the Noor Ny ol Fas, (18) and (19).
Thus, the positive section of the volt-ampere curve normally obtained
with a =ingle Langmuir probe was obtained in the same order of mag-
nitude as the cmission of clectrons,  Therefore, this Langmuir cur-
rent was obtained with the emissive probe with the element not at
cmission temperature, but with some heater current just below an
cmissive value inan effort to preserve a constant work tfunction of
the collecting element, A\ typical graphical solution for plasma poten-
tial using the emissive probe is shown in IFig, 18,

An approximation of the floating potential is obtained if the log-
arithm of curve Cis plotted and the asvmptotes are drawn through
the emission limited and the space charge limited regions,  There
has been no eriterion set on emission temperatures of the emissive
probe; therefore, o variation of heater current to the probe would shift
the intersection of these asvmptotes appropriately,

An cexperiment was performed to determine the degree of correla-
tion possible between space potential measurements with the positive
ton probe and differential space potential measurements with the use of
an emissive probe. The lithium fon probe yields a measurement of the
maximum positive potential (&, in Fig, 16) that the ions must tra-
verse inorder to be collected,  [Location of this point In any cross-
scctioned slab is uniquely determined by use of the Faraday cup
described above,  IFrom the emissive probe, one obtains the local
space potential in the neighborhood of the emissive element.

The positive ion probe was employed just before and just after the
sampling with the emissive probe and with the emissive probe removed
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from the area of this cross section, Athough there were several
minutes of tune between the samphings with the positive 1on probe,
the characteristics were repeatable with o variation ol O percent
measuring a maximum potential in the beam of approximately

160 volts,  The reduced data of the ecmissive probe indicated w poten-
tal of approxunately 1oU volts, Runs were made through the day, and
vitlues were taken at a cross section approxianatels three and o hal!
inches from the source, with o discharge of approxunately 7o milli-
amperes net into the grounded chamber with the neatralizer off and an
acceleration of 700 volts,  These sample values were repeatable with
d4variation of approximately 10 percent,

3.0 SUMMARY OF RESULTS AND CONCLUSION

Two dilfferent sources of direct-carrent plasma discharges have
been investigated,  The mstrumentation of these discharges was
directed toward familiarization and development of "standard” meas-
uring techniques and methods of analvsis,  The most encouraging
developments were the degrees of correspondence obtained between
different probes monitoring the same plasma property,  The correla-
tion of Langmuir probe and Faraday cup measurements of jon density
is thought to be quite aeceptable, constdering the individual accuracy

and reliability of cach mstrament,

Both devices are limited i ther usctulness in probing very
dense and enerpgetic jonized discharges because of loss of the probe
material,  Of course, any probe that must be placed within the dis-
charge will disturb the plasnia flow by particie interception and by
field interaction, thereby possibly changing the properties that the

probe is attempting to measure,

The correspondence between the emissive probe and positive ion
probe in the measurement of the maximum beam potential is thought
to be most worthwhile since by the use of the positive ion probe, a
plasma property and the general behavior of the discharge can be
observed without the introduction of 4 foreign material into the beam,
The possible problem of particle interaction with the use of the posi-

tive ion probe is now being investigated.

The lithium source and its vacuum system will be operated as an
instrument calibration rig, It is felt that a valuable experiment has
been established where plasma properties are measured by several

devices and correlation of these properties can be made to an

Il
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acceptable degrec,  Any new technigue or deviee that will be developed
for use in beam studies can be evaluated by comparison to measure-
ments made by the instruments discussed in this report,
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Fig. 1 Argon Discharge System Apparatus
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b. Three-quarter View
Fig. 2 Concluded
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